little is known about the transport of C, compounds into these cells. However, the transport of methylamine by other types of microorganisms has been studied, usually with methylamine as a probe to study the ammonia transport systems of the organisms. Thus, Roon et al. (11) showed that methylamine was transported by Saccharomyces cerevisiae. The process was energy-dependent but was not regulated to any great degree by the nature of the nitrogenous growth source. This is in contrast to work with Aspergillus nidulans (10), where the transport system was derepressed by growth on amino acids but was repressed by growth in the presence of a high ammonium ion concentration or on urea, and with Penicillium chrysogenum (5), where the transport system developed during nitrogen starvation. Stevenson and Silver studied methylamine uptake by Escherichia coli (13) and found that it is also energy dependent. This organism exhibits two systems, with pH optima of 7 and 9, respectively. All of the above transport systems were strongly inhibited by ammonium ions.
methylamine are known (for a review, see ref- erence 4) . Although much of the biochemistry and physiology of such methyltrophs is now known in a substantial degree of detail, very little is known about the transport of C, compounds into these cells. However, the transport of methylamine by other types of microorganisms has been studied, usually with methylamine as a probe to study the ammonia transport systems of the organisms. Thus, Roon et al. (11) showed that methylamine was transported by Saccharomyces cerevisiae. The process was energy-dependent but was not regulated to any great degree by the nature of the nitrogenous growth source. This is in contrast to work with Aspergillus nidulans (10) , where the transport system was derepressed by growth on amino acids but was repressed by growth in the presence of a high ammonium ion concentration or on urea, and with Penicillium chrysogenum (5) , where the transport system developed during nitrogen starvation. Stevenson and Silver studied methylamine uptake by Escherichia coli (13) and found that it is also energy dependent. This organism exhibits two systems, with pH optima of 7 and 9, respectively. All of the above transport systems were strongly inhibited by ammonium ions.
We report here the results of experiments on the transport of methylamine by the organism Pseudomonas sp. MA. This organism grows on methylamine as a sole source of carbon, nitrogen, and energy, and its pathway for CQ metabolism is fairly well established. We wanted to deternine whether a unique transport system for methylamine existed in this organism and to examine the characteristics of the system. Methylamine is converted in this organism to ammonia and N-methylglutamate (12) , which is then oxidized to glutamate and formaldehyde (6) . Formaldehyde is further metabolized by the isocitrate lyase-positive variant of the serine pathway (1, 3) .
MATERIALS AND METHODS
The growth and maintenance of the organism have been described previously (2, 12) . Cells were harvested by centrifugation at a cell density corresponding to an optical density at 540 nm of 0.8 to 0.9 (10-mm cuvettes in a Bausch & Lomb Spectronic 20 spectrometer). They were then washed three times with cold 0.02 M phosphate buffer, pH 7.0, and used immediately.
Transport assay. Fresh cells were suspended to produce a cell density of 0.2 to 0.3, as described above, in the growth medium minus methylamine and incubated in a shaking water bath at 320C.
[14C]methylamine (Amersham Corp.) was then added to samples of this suspension to produce final volumes of 5 ml. The final specific radioactivity of methylamine was in the range of 6 x 104 to 3 x 105 dpm/,umol.
At appropriate intervals, usually 5 min, 0.5-mil samples were withdrawn and filtered through 25-mm polycarbonate membrane filters (Bio-Rad Laboratories) having a pore size of 0.45 ,um. The filtered cells were then washed at once with 10 ml of water at 2°C. The washed filters plus cells were then placed in scintillation vials, covered with 5 ml of scintillation fluid, and counted. Methylamine uptake was linear for at least 30 min.
The dry weights of cells used in the transport assay were determined from a standard curve relating the dry weight of cells per milliliter to an optical density at 540 nm (10- 
RESULTS
Temperature dependence. Suspensions of fresh cells in growth medium less methylamine were incubated with shaking in a water bath regulated at the required temperature until the cell suspension reached that temperature (usually within 15 min). At that time, the assay was started by the rapid addition of [1"C]methylamine solution that had also been equilibrated at the required temperature. The assay was then continued in the manner previously described. Methylamine transport was temperature dependent, with the optimum temperature occurring between 30 and 350C.
Optimum pH. Assays were conducted with cells suspended in medium adjusted to the desired pH. The assays were started by the addition of ["4C]methylamine solution that had also been adjusted to the same pH. These experiments revealed that the system showed a pH optimum of 7.2 and that the rates dropped off sharply on either side of this value.
Kinetic constants for methylamine transport. Uptake kinetics for methylamine varied slightly from culture to culture even though the cells were grown and harvested under identical conditions. However, Michaelis-Menten kinetics were followed, with the Km value for methylamine uptake in the range of 1 to 3 mM and the Vn. between 90 and 120 nrmol/min per mg (dry weight) of cells (Fig. 1) .
Uptake was also studied with methylamine concentrations in the micromolar range. These methylamine solutions had specific radioactivities in the 107-dpm/,umol range to detect entry into cells at low concentrations. Some uptake was observed under these conditions; however, the uptake rates were very low, and no evidence of a high-affinity transport system could be obtained.
Effect (2) . Therefore, it was of interest to determine whether they also affected the transport of methylamine into methylamine-grown cells of the organism. Table 1 shows that no large inhibitory or stimulatory effect was observed when glucose or succinate was present in the assay medium. Only a weak inhibition was observed with ammonium chloride; succinate, together with ammonium chloride, likewise showed very little inhibition. This finding was in direct contrast to all previous work on methylamine transport, in which ammonia was a potent inhibitor of uptake. Methanol, which is not a growth substrate for the organism but is a Cl compound, also had no effect on methylamine uptake. Table 2 shows the effects of these nitrogenous compounds on methylamine uptake. The greatest inhibition was observed with alkylamines in the inverse order of chain length. The inhibition of ethylamine was studied further and shown to be competitive, with a Ki of 2.5 mM (Fig. 1) . None of the amino acids and amides tested showed any large degree of inhibition. This was in contrast to previous studies on methylamine uptake, in which several of the amino acids were strong inhibitors (11) . Effects of respiratory chain inhibitors and uncouplers. Azide, cyanide, and carbonyl cyanide-m-chlorophenylhydrazone completely abolished the uptake of methylamine when they were introduced into the transport assays (Fig.  2) . This was the case whether the inhibitors were present at the beginning of the assay or whether they were introduced after transport had commenced. These results suggest that the transport of methylamine is coupled to energy production within the cell membrane. Although these inhibitors caused immediate cessation of methylamine transport, they did not cause the efflux of methylamine from the cells.
Effects of ionic strength. The effects of ionic strength on methylamine uptake were studied by using increasing concentrations of potassium chloride in the standard transport assay. The transport rate was slightly decreased (15%) when the KCI concentration was increased to 10 mM, but a further fivefold increase in the KCI concentration produced only a further 3% decline in the transport rate. Thus, methylamine transport is essentially unaffected by total ionic strength.
Osmotic shock treatment. When cells were treated with the osmotic shock procedure of Neu and Heppel (9), transport of methylamine was reduced 50%. The same treatment, however, did not reduce the rate of transport of glycine in this organism (Fig. 3) .
Inducibility of the transport system. Cells of Pseudomonas sp. MA showed no transport of methylamine after growth on succinate plus ammonium chloride. However, cells grown on succinate but with methylamine as the nitrogen source were able to transport methylamine, albeit at a reduced rate (Table 3) . When cells grown on succinate plus ammonium chloride were incubated in methylamine medium, transport of methylamine began after a period of 20 h (Fig. 4) .
DISCUSSION
Previous studies of methylamine transport in microorganisms have actually been studies of ammonium transport systems, where methylamine was used as an analog of ammonia because of its availability labeled with "4C. Thus, in such previous work, methylamine was being transported as a nitrogen source, using the ammonium transport system of the organism concerned. Hence, it was not unreasonable to find that such transport was inhibited by ammonia and amino acids and that, in some organisms, methylamine uptake was dependent on the nature of the prior nitrogeneous growth source.
In contrast to these previous findings, we found that ammonia was not an effective inhibitor of methylamine transport in Pseudomonas sp. MA. This finding indicates that methylamine was not being transported via an ammonium transport system. Also, the transport system was found only in cells grown on methylamine, and no methylamine transport was detectable in cells grown on succinate and ammonia. The transport system was induced by methylamine in cells previously grown on succinate and ammonia in about 20 h. This induction time corresponded well with the induction time of 22 to 24 h for the carbon-assimilatory enzymes under similar conditions (2) .
Although succinate repressed the transport system, neither it nor glucose inhibited methylamine transport. This means that induced cells will take up methylamine even in the presence of a preferred carbon source. The lack of inhibition by methanol is interesting in that it reveals that the transport system is not merely a methyl group uptake mechanism.
The specific methylamine transport system of Pseudomonas sp. MA showed very little inhibition by amino acids or amides. However, it was competitively inhibited by short-chain alkylamines, indicating that perhaps the system is a short-chain alkylamine transport system. The transport is apparently driven by an energized membrane, as evidenced by the drastic inhibition observed by phosphorylation uncouplers, and the transport proteins involved were disruptible by osmotic shock, indicating their presence in the periplasn.
Previous pulse-labeling studies have demonstrated that methylamine is fixed into various N-methylated amino acid derivatives very rapidly when incubated with methylamine-grown cells of Pseudomonas sp. MA (7, 8, 12) . Accordingly, no efflux of methylamine could be observed when cells charged with ["4C]methylamine were exposed to alkylamines and amino acids.
The Km of 1 to 3 mM observed for methylamine uptake was much higher than that reported in previous studies, in which values ranged from 10' M for P. chrysogenum to 2 x 10-' M for E. coli and S. cerevisiae. Since the cells were grown in 100 mM methylamine medium, perhaps there was not the need for a highaffinity transport system. In contrast to this, however, the V,, of 90 to 120 nmol/min per mg (dry weight) of cells was 5-to 10-fold higher than that in previous studies.
The organism can grow with methylamine as a nitrogen source when succinate is provided as a preferred carbon source. The cells transport methylamine at a much lower rate under these conditions, and it is not yet certain whether the cells utilize the same transport system for the transport of methylamine under these conditions as they do when transporting methylamine as a carbon source.
